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Endophytic fungi are capable of producing a great diversity of bioactive metabolites. However, the
presence of silent and lowly expressed genes represents a main challenge for the discovery of novel
secondary metabolites with different potential uses. Epigenetic modifiers have shown to perturb the
production of fungal metabolites through the induction of silent biosynthetic pathways leading to an
enhanced chemical diversity. Moreover, the addition of bioprecursors to the culture medium has been
described as a useful strategy to induce specific biosynthetic pathways. The aim of this study was to
assess the effects of different chemical modulators on the metabolic profiles of an endophytic fungal
strain of Cophinforma mamane (Botryosphaeriaceae), known to produce 3 thiodiketopiperazine (TDKP)
alkaloids (botryosulfuranols A-C), previously isolated and characterized by our team. Four epigenetic
modifiers, 5-azacytidine (AZA), sodium butyrate (SB), nicotinamide (NIC), homoserine lactone (HSL) as
well as 2 amino acids, L-phenylalanine and L-tryptophan, as bioprecursors of TDKPs, were used. The
metabolic profiles were analysed by UHPLC-HRMS/MS under an untargeted metabolomics approach. Our
results show that the addition of the two amino acids in C. mamane culture and the treatment with AZA
significantly reduced the production of the TDKPs botryosulfuranols A, B and C. Interestingly, the
treatment with HSL significantly induced the production of different classes of diketopiperazines (DKPs).
The treatment with AZA resulted as the most effective epigenetic modifier for the alteration of the
secondary metabolite profile of C. mamane by promoting the expression of cryptic genes.

© 2022 British Mycological Society. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Microorganisms such as bacteria and fungi, have produced most
of the known antibiotics due to the large chemical diversity and
biological activities of their metabolites (Boufridi and Quinn 2018;
Abdel-Razek et al., 2020). Among them, endophytic fungi are
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considered to be a goldmine of secondary metabolites (Strobel and
Daisy 2003), represented by poorly explored and characterized
microorganisms capable of producing compounds with potential
for pharmaceutical and commercial uses (Strobel 2018; Deshmukh
et al., 2018; White et al., 2019). However, the conditions for gene
expression in fungi are not fully understood and the presence of
silent or lowly-expressed genes represent one of the main chal-
lenges for the isolation of novel secondary metabolites (Brakhage
and Schroeckh 2011). Biosynthetic gene clusters in fungi are often
found in the distal telomeric regions of the chromosome (Shwab
et al., 2007; Williams et al., 2008), which are transcriptionally
controlled by epigenetic regulation, specifically histone acetylation
and methylation (Brakhage 2013; Pfannenstiel and Keller 2019).
When fungal DNA is organized into histone proteins and is densely
rved.
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packed into heterochromatin, it becomes transcriptionally silent
(Okada and Seyedsayamdost 2017). In this regard, highly acetylated
histones are generally loosely packed into euchromatin and
therefore genes are thought to be transcriptionally active
(Cichewicz 2010) while methylation of histones often results in
gene silencing (Suzuki and Bird 2008).

Recently, a very well-reviewed strategy to induce cryptic genes
has consisted in the treatment of fungal endophytes with epige-
netic modifiers such as histone deacetylase inhibitors (HDACi) and
DNA methyltransferase inhibitors (DNMTi) (Toghueo et al., 2020;
Gupta et al., 2020). For instance, the addition of 5-azacytidine, a
DNMTi, enhanced the production of the alkaloid camptothecin in
Botryosphaeria rhodina (Botryosphaeriaceae), a finding that could
give insights of the signaling mechanisms between the host plant
and its endophytic fungus (Vasanthakumari et al., 2015). Similarly,
metabolite production in Diaporthe sp. (Diaporthaceae) was
enhanced when it was subjected to epigenetic treatment with the
HDACi suberohydroxamic acid and valproic acid (Jasim et al., 2019).
The addition of the HDACi nicotinamide to the culture of the
endophytic fungus Graphiopsis chlorocephala (Cladosporiaceae), led
to a notable enrichment in secondary metabolite production and
also allowed the isolation of new benzophenones and cepha-
lanones (Asai et al., 2013). A clear advantage of using epigenetic-
based methods is that they do not require genetic manipulation
and they can be applied to any fungal strain, potentially allowing
the annotation of new secondary metabolites and the enhance-
ment of the synthesis of low-yield metabolites.

Based on these promising results, we decided to use epigenetic
modifiers to induce cryptic genes of an endophytic fungal strain of
Cophinforma mamane (D.E. Gardner) A. J. L. Phillips & A. Alves
(Botryosphaeriaceae) isolated from the leaves of Bixa orellana
(Bixaceae) (Barakat et al., 2019). The first attempt to induce the
metabolite production of C. mamane using epigenetic modifiers
allowed the detection of 8 metabolites produced de novo (Triastuti
et al., 2019). Additionally, to date, 10 compounds have been isolated
from C. mamane, including 3 new TDKPs alkaloids, botryosulfur-
anols A, B and C isolated by our team, exhibiting cytotoxic activity
against different cancer cell lines (Barakat et al., 2019). These
compounds are derived from two phenylalanine residues and
present an unprecedented skeleton with two spirocyclic centers
which are currently under biological investigation to go further in
elucidation of their mechanism of action. Moreover, as described in
Welch and Williams (Welch and Williams 2014), TDKPs are
biogenetically derived from at least one aromatic amino acid
(phenylalanine, tyrosine and/or tryptophan), therefore the addition
of these type of bioprecursors into the culture media might induce
their biosynthetic pathway. The amino-acid directed strategy was
shown to induce cryptic biosynthetic pathways, allowing the
isolation of many novel fungal bioactive compounds, specifically
alkaloids (Huang et al., 2017; Yuan et al., 2019; Qiu et al., 2020; Guo
et al., 2020). Other molecules previously isolated from C. mamane
include a new dihydrobenzofuran derivative, botryomaman and a
known molecule, primin (Pongcharoen et al., 2007).

In the present study, the effects on secondary metabolism of
C. mamane through the addition of four different epigenetic mod-
ifiers to the culture medium were investigated in 4 independent
experiments. Two HDACi, sodium butyrate (SB) and nicotinamide
(NIC), one DNMTi, 5-azacytidine (AZA) and one bacterial quorum-
sensing (QS) molecule, N-butyryl-DL-homoserine lactone (HSL),
were used for this purpose. In a separate experiment, culture me-
dium was supplemented with 2 amino acids, L-phenylalanine and
L-tryptophan, precursors of nitrogenous compounds such as DKPs,
to evaluate their influence on the metabolism of this strain, espe-
cially on the production of the three known phenylalanine-derived
TDKPs previously isolated. The presented work has two main
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objectives: to assess the effects of chemical elicitors on the sec-
ondary metabolites profile of C. mamane by promoting the
expression of cryptic genes, and to obtain a better yield of
botryosulfuranols A, B and C for further biological investigations in
future research.
2. Materials and methods

2.1. Chemicals and solvents

The culture media used for the experiments are the following:
Malt extract broth or agar (MEB/MEA) containing malt extract 20 g,
dextrose 20 g, peptone 1 g, copper sulfate pentahydrate 0.005 g,
zinc sulfate heptahydrate 0.01 g in 1 L of distilled water and Potato
dextrose broth or agar (PDB/PDA) (DifcoTM) containing 4 g of po-
tato extract and 20 g of glucose for 1 L of distilled water.

Epigenetic modifiers, nicotinamide (NIC), sodium butyrate (SB),
butyryl-DL-homoserine (HSL) and 5-azacytidine (AZA) and amino
acids, L-phenylalanine (L-phe) and L-tryptophan (L-trp) were pur-
chased from SigmaeAldrich (St. Louis, MO, USA).

For the extraction of the culture and UHPLC-HRMS analyses the
following solvents were used: formic acid (FA, Sigma), methanol
HPLC grade (Fisher Chemical), ethyl acetate HPLC grade (Fisher
Chemical), acetonitrile HPLC grade (Fisher Chemical) and
dichloromethane HPLC grade (Fisher Chemical).
2.2. Fungal material

The strain E224 of Cophinforma mamane (D.E. Gardner) A. J. L.
Phillips& A. Alves was isolated from the fresh leaves of Bixa orellana
L. collected in November 2013 by C. Amasifuen and M. Haddad,
from the National Reserve of AllpahuayoMishana in the Amazonian
forest of Loreto, Peru (GPS coordinates: 3�58’2.3’’ S, 73�25’3.9’’ W).
The isolation, identification and storage processes followed have
been previously described (Triastuti et al., 2019; Barakat et al.,
2019). Briefly, the sterilized tissues of the leaves were placed on a
Petri dish containingMEA and chloramphenicol (100mg/L). The ITS
sequence is available in the GenBank database under the accession
number MG457709.1. The cryotubes are preserved at�80 �C in 30%
glycerol in the fungal collection of the UMR 152 laboratory.
2.3. Fermentation conditions

C. mamanewas grown on PDA over 7 days prior to inoculation of
the seed culture containing 50 mL of PDB, incubated at 27 �C. After
3 days, 250 mL Erlenmeyer flasks containing 50 mL of PDB were
inoculated with 2 mL of the seed culture and treated with the
corresponding epigenetic modulators (SB, NIC, AZA and HSL) dis-
solved in DMSO. NIC and SB (El-Hawary et al., 2018) were added at
1 mM AZA (Zutz et al., 2014; Qadri et al., 2017) was added at 25 mM
and HSL (Rateb et al., 2013) was added at 100 mM as final concen-
trations. Fermentations were carried out over 2 weeks at 27 �C
under static conditions. All conditions were done in triplicate.
DMSO was added to control cultures without epigenetic modifiers.
Control media with and without epigenetic modifiers were also
included in triplicate.

For the experimentwith amino acids, C. mamanewas cultured in
MEB supplemented with 2 mg/L of L-trp and L-phe. Fermentation
was carried out in 250 mL Erlenmeyer flasks containing 50 mL of
supplemented MEB (4 replicates) over 2 weeks at 27 �C under
constant agitation. Control media (MEB and supplemented MEB)
were included in triplicate.
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2.4. Extraction of culture

Whole culture broths (including mycelium) were extracted with
50 mL of ethyl acetate for 60 min using sonication. Mycelia were
removed from the culture supernatant through filtrationwith glass
cotton. Organic phases were then dehydrated on magnesium sul-
fate and filtered with filter paper. Finally, they were evaporated to
dryness under reduced pressure (KNF rotary evaporator RC 600) at
40 �C.

2.5. UHPLC-HRMS profiling

Methanolic solutions at 2 mg/mL of all extracts were prepared for
Ultra-High Performance Liquid Chromatography - MS analysis.
Quality control (QC) samples were prepared by pooling an aliquot of
all extracts for each experiment (epigenetic modifiers and amino
acids). Analyses were performed on a UHPLC Ultimate 3000 system
(Dionex) coupled with an LTQ Orbitrap XL mass spectrometer
(Thermo Fisher Scientific, Hemel Hempstead, UK). Samples were
separated on a C18 Acquity column (100 � 2.1 mm i.d, 1.7 mm, Wa-
ters, MA, USA) equipped with a guard column. The mobile phase A
was ultrapure water acidified with 0.1% FA and mobile phase B was
acetonitrile acidified with 0.1% FA. The solvent gradient was: 0 min,
95% A; 10 min, 95% B; 12.5 min, 95% B. The flow rate was 0.45 mL/
min, the column temperature was set to 40 �C, the autosampler
temperature was set to 15 �C and injection volume fixed to 5 mL for
extracts. Mass detectionwas performed using an electrospray source
(ESI) in positive ionization (PI) mode at 15,000 resolving power [full
width at half maximum (FWHM) at 400 m/z]. The mass scanning
range was m/z 100e2000 for all samples. Ionization spray voltage
was set to 3.5 kV and the capillary temperature was set to 300 �C.
Each fullMS scanwas followed by data-dependent acquisition ofMS/
MS spectra for the three most intense ions using stepped collision-
induced dissociation (CID) at 35 arbitrary energy units.

2.6. Data processing

LC-MS data from each experiment (epigenetic modifiers and
amino acids) were separately processed with MS-DIAL version 4.7
(Tsugawa et al., 2015) for mass signal extraction between 100 and
1500 Da from 0.5 to 12.5 min. MS1 and MS2 tolerances were set to
0.01 and 0.025 Da, respectively, in centroid mode for each dataset.
Peaks were aligned on a QC reference file with a retention time (RT)
tolerance of 0.05 min and a mass tolerance of 0.025 Da. Minimum
peak height was set to 70% below the observed total ion chro-
matogram (TIC) baseline for blank samples. MS-DIAL data was
cleaned with MS-CleanR workflow using default parameters
(Fraisier-Vannier et al., 2020): all filters with aminimumblank ratio
set to 0.8, a maximum relative standard deviation (RSD) set to 30
and a relative mass defect (RMD) ranging from 50 to 3000. The
maximum mass difference for feature relationships detection was
set to 0.005 Da and maximum RT difference was set to 0.025 min.
The Pearson correlation links were considered with correlation
�0.8 and statistically significant a ¼ 0.05. Two peaks were kept in
each cluster: the most intense and the most connected to other
ions. The data was normalized, first, by the Total ion chromatogram
(TIC) using MS-DIAL and then re-normalized based on total peak
area using MS-CleanR workflow. The kept features were annotated
with MS-FINDER version 3.5 (Tsugawa et al., 2016). The MS1 and
MS2 tolerances were set to 0.005 and 0.05 Da, respectively. Formula
finder were processed with C, H, O, N, P and S atoms. Annotation
was done with the use of internal generic databases from MS-
FINDER: LipidMaps, YMDB, ChEBI, NPA, NANPDB, COCONUT,
KNApsacK and UNPD. Only annotations with a score greater than 5
were retained throughout the analysis while unannotated features
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are referred to as “unknown”. Datawere finally exported as.msp file
for MSMS spectral information and.csv files for metadata infor-
mation (peak area, retention times, annotation results, etc.).

The MSP and metadata files generated after the MS-CleanR
workflow were imported into MetGem (version 1.3.4) (Olivon
et al., 2018). The data were filtered by removing all MS/MS peaks
within ±17 Da of the precursor m/z. MS/MS spectra were window
filtered by using the top 6 peaks in the ±50 Da window throughout
the spectrum. MS/MS fragment ion tolerance was set to 0.2 Da. A
mass spectral similarity network was created where edges were
filtered to have a cosine score above 0.7 and at least six matched
peaks. Further edges between two nodeswere kept in the similarity
network only if each of the nodes appeared on each other’s top 10
most similar nodes. The resulting network was then imported into
Cytoscape (version 3.8.2, Institute for Systems Biology, Seattle,WA,
USA) to improve visualization (Shannon 2003). Nodes were colored
according to their culture conditions and the node sizes indicate
their normalized total peak area.
2.7. Statistical analysis

Statistical analysis was done by uploading the CSV file to the
Metaboanalyst platform version 5.0 (https://www.metaboanalyst.
ca/) (Chong et al., 2019). The data were pre-processed, first by
normalization (by median) of the samples, then the variables were
weighted by auto scale (mean-centered and divided by the square
root of the standard deviation of each variable). A Principal
Component Analysis (PCA) then a Partial Least Squares Discrimi-
nant Analysis (PLS-DA) were carried out. Finally, the m/z and the
retention time of the top 150 features associated with their
normalized peak area were plotted on a heat map (hierarchical
clustering) using ANOVA.
3. Results and discussion

3.1. General observations

The general overview of the chromatograms of the experiment
carried out with the epigenetic modifiers show five main peaks
detected in all the conditions, including the control (untreated
C. mamane) corresponding to the three TDKPs, botryosulfuranol A,
botryosulfuranol B, botryosulfuranol C and two cyclic pentapep-
tides (Fig. 1). The abundances of the 5 major peaks seem different
from one treatment to another. For instance, m/z 566.4279 at
9.37 min is the highest peak for AZA, whereas m/z 433.0522 at
7.50 min is the highest for SB. Therefore, the epigenetic modifiers
do affect the proportions of these metabolites. Moreover, despite
the absence of other major peaks observed in the chromatograms,
many other minor metabolites may be being produced by
C. mamane. Besides the 3 botryosulfuranols and the 2 cyclic pen-
tapeptides detected, our strain of C. mamane could potentially
produce other cyclopeptides and DKPs considering that endophytic
fungi have shown a great potential to produce these class of me-
tabolites under standard culture conditions with interesting bio-
logical activities (Wang et al., 2017a,b).

A metabolomic profile of the 20 extracts (treatment with 4
epigenetic modifiers and 1 untreated C. mamane culture in triplicate,
QC and blank samples) obtained in the epigenetic modifiers experi-
ment andanalyzedbyUHPLC-(þ)ESI-HRMSMSafforded294 features
(m/z-RT pairs), which were considered for the metabolomics and
statistical analysis. Twenty percent of these features were putatively
annotated, corresponding to metabolites belonging to different
chemical classes such as diketopiperazines, cyclic peptides, fatty
acyls, phosphoethanolamine, ubiquinones (Supplementary data).

https://www.metaboanalyst.ca/
https://www.metaboanalyst.ca/


Fig. 1. UHPLC-(þ)ESI-HRMS (total ion chromatogram) from crude extracts of C. mamane (CM) treated with 5-azacytidine (AZA), homoserine lactone (HSL), nicotinamide (NIC) and
sodium butyrate (SB).
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3.2. Main discriminating metabolites between different treatment
groups

As a first step, a PCAwas applied as an unsupervised overview of
the general LC-MS profile (data not shown). This analysis clustered
all independent biological replicates from the same conditions.
Then, a supervised PLS-DA analysis was carried out on these same
data which indicated the different responses of C. mamane (CM)
when treated with the HDACi (NIC and SB), the DNMTi (AZA) and
the QS molecule (HSL) in comparison to the untreated culture of
C. mamane (Fig. 2a). Separate clusters appear on the PLS-DA score
plot (65.3% of total variability). The component 1 (X-axis) explained
56.2% of the variability, allowing the discrimination of the AZA
cluster. While in the component 2 (9.1%), we can observe two
clusters: NIC/SB and CM/HSL, however a slight differentiation can
be observed between CM and HSL.
Fig. 2. a) PLS-DA corresponding to the extracts of C. mamane (CM) and treated with nicotin
based on features (m/z at Rt to its normalized peak area) detected in LC-MS chromatogram
CM, HSL, NIC, SB).

388
Fig. 2b presents the top 15 metabolites that most contributed to
the differences observed in the PLS-DA score plot, regarding
component 1. Among them, a metabolite was annotated as terry-
coline, a fatty acyl that was previously isolated from an endophytic
fungal strain of Neurospora terricola (Sordariaceae) isolated from a
lichen (Zhang et al., 2009). Another metabolite was annotated as
cytidine diphosphate ethanolamine (CDP-ethanolamine), a phos-
pholipid that has previously shown to be critical for mycelial
growth and whose biosynthesis is involved in the mycotoxin pro-
duction and virulence in Fusarium graminearum (Nectriaceae)
(Wang et al., 2019). The annotated DKP diphenylalazine B has been
previously isolated from Epicoccum nigrum (Didymellaceae) which
colonized Cordyceps sinensis (Cordycipitaceae) (Guo et al., 2009)
while botryosulfuranol C is one of the TDKPs previously isolated
from the strain of C. mamane (Barakat et al., 2019) used in this
study. The aforementioned metabolites are detailed in the sup-
plementary data.
amide (NIC), sodium butyrate (SB), 5-azacytidine (AZA) and homoserine lactone (HSL),
s; (b) PLS-DA-VIP projection for the top 15 features corresponding to each group (AZA,
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3.3. Dynamics of metabolite production

Out of the 294 features, 221 showed significant changes under
the treatment with each epigenetic modifier (p-value < 0.05) using
the analysis of variance (one way ANOVA) and Fisher test (F-test).
The top 150 features with significant changes were plotted in the
hierarchical clustering analysis (heat map) where five main clusters
of metabolite behaviors are detected (Fig. 3): a cluster corre-
sponding to the up-regulation with AZA treatment, a cluster cor-
responding to the up-regulation with NIC and SB treatment, two
clusters corresponding to the up-regulation with HSL treatment
and the last one corresponding to the down-regulation with the 4
epigenetic modifiers treatment (for detailed view, see Supple-
mentary data).). These results are consistent with PLS-DA analysis
observed above.
Fig. 3. Hierarchical clustering of the main features observed in C. mamane in the
positive mode after the treatment with the epigenetic modifiers.
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AZA significantly induced the production of 113 metabolites
among the top 150, initially lowly produced by C. mamane, high-
lighting the great capacity of this epigenetic modifier to alter the
gene expression through the induction of DNA demethylation in
this endophytic fungus. An analysis of the differential expression of
endophytic fungi under the treatment with 7 different HDACi and
DNMTi (including AZA, NIC and SB) published in 2016 showed that
AZA was the epigenetic modifier that induced most of the changes
in the secondary metabolite profile of the ascomycete Dothiora sp.
(Dothioraceae) (Gonz�alez-Men�endez et al., 2016), which is consis-
tent with our results. Metabolites annotated as 3-methylglutaconic
acid, an eicosanoid, emodin, fumiquinone A, homodimericin A and
vertilecanin A methyl ester were also induced under the treatment
with AZA as observed in Fig. 3.

Interestingly, the metabolites identified as DKPs gliotoxin,
gliovirin and botryosulfuranol C were up-regulated under the
treatment with HSL, indicating that the recognition of a bacterial QS
molecule by C. mamane triggered a signal that induced the pro-
duction of these type of metabolites. Similarly, the metabolite an-
notated as isocoumarin 6-methoxymellein, first isolated from the
fungus Preussia bipartis (Sporormiaceae) was also up-regulated by
HSL while different isocoumarin derivatives have been previously
isolated from Botryosphaeriaceae family members, including
Botryosphaeria mamane, B. obtusa and B. rhodina (Reveglia et al.,
2020). Moreover, the fatty acyl terricolyne was up-regulated by
NIC and SB but not by AZA or HSL (Fig. 3), suggesting that NIC and
SB might trigger similar effects as they are both HDACi.
3.4. Differential production of metabolites

Regarding the influence of the epigenetic modifiers more in
details as shown in the Volcano plot representations (Fig. 4), a total
of 113, 46, 39 and 18 metabolites were up-regulated when
C. mamane culture was treated with AZA (Figure 4a, HSL (Fig. 4b),
NIC (Fig. 4c) and SB (Fig. 4d), respectively. Notably, as observed
above in the heat map, AZA was the epigenetic modifier that
induced and down-regulated the highest number of metabolites.
On the contrary, SB is the one that alters the metabolism the least,
inducing and down-regulating the smallest number of metabolites.

Among the metabolites with the highest significant changes (p-
value < 0.05 and fold-change ratio >2) considering their up-
regulation under the presence of epigenetic modifiers (see Sup-
plementary data) based on the volcano plot analysis, the one pu-
tatively identified as vertilecanin A methyl ester was significantly
up-regulated by the addition of AZA but also by NIC. This pheno-
picolinic acid derivative was previously isolated from the ento-
mopathogenic fungus Verticillium lecanii (Soman et al., 2001), a
species that is currently classified within the genus Lecanicillium
(Nicoletti and Becchimanzi 2020). The metabolite annotated as
fumiquinone A, previously isolated from Aspergillus fumigatus
(Hayashi et al., 2007) was significantly up-regulated by AZA.
Another ubiquinone, fumiquinone B, was isolated from the endo-
phytic fungusNeopestalotiopsis sp. (Grigoletto et al., 2019). AZA, NIC
and HSL significantly up-regulated the metabolite annotated as
hydroxyanthrequinone emodin, a compound known to be pro-
duced by different fungal species as a pigmented metabolite (Wells
et al.,1975). Emodin has also been described in different endophytic
fungal species including Aspergillus versicolor (Hawas et al., 2012),
Alternaria sp., Epicoccum nigrum (Vigneshwari et al., 2019) and an
endophytic strain of Penicillium citrinum isolated from a medicinal
plant (Luo et al., 2019). The metabolite annotated as homodimer-
icin, significantly up-regulated by AZA and SB, has been described
as a complex fungal polyketide isolated from Trichoderma harzia-
num, whose biosynthesis occurs in a similar manner to an



Fig. 4. Volcano plot representations of C. mamane response to the treatment with epigenetic modifiers (a) azacytidine (AZA), (b) homoserine lactone (HSL), (c) nicotinamide (NIC)
and (d) sodium butyrate (SB). Each dot represents a feature (m/z at Rt), the red and blue colors indicate a significant change (p-value < 0.05 and fold-change ratio >2) of the features
under treatment in up-regulating (red) or down-regulating (blue) their production in comparison with the untreated culture of CM, while the numbers in brackets indicate the
number of significant features observed. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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epicolactone produced by an endophytic fungal strain of Epicoccum
sp. ((Mevers et al., 2016; Long et al., 2018).

Although both NIC and SB inhibit the deacetylation of histones
(HDACi), they differently induce the production of compounds in
C. mamane, probably because each of these HDACi interacts in
different manner with different histone deacetylases. As described
in the literature, SB inhibits HDAC, classes I and II, while NIC inhibits
HDAC class III (Harrison et al., 2019). In agreement with these ob-
servations, El-Hawary et al. (2018) observed that when the marine-
derived fungus Penicillium brevicompactum is treated with NIC and
SB, different compounds were induced, obtaining more phenolic
metabolites with NIC than with SB (El-Hawary et al., 2018). While
the majority of compounds produced by C. mamane were up-
regulated with AZA treatment, many other compounds were
down-regulated. Similar results were reported in the literature. As
an example, when the endophytic fungus Diaporthe sp. is treated
with AZA, Deepika et al. (2020) demonstrated a significant increase
in most metabolites, specifically in colchicine production, while a
negative regulation in the production of other metabolites in the
presence of demethylating agents was also observed (Deepika et al.,
2020).

Focusing on the three novel DKPs previously isolated from
C. mamane (Barakat et al., 2019), botryosulfuranols A, B and C were
significantly down-regulated by AZA (Fig. 5 a-c), while only
botryosulfuranol C showed a significant up-regulation by
Fig. 5. Normalized peak area of the thiodiketopiperazines (a) botryosulfuranol A, (b) botryos
modifiers nicotinamide (NIC), sodium butyrate (SB), 5-azacytidine (AZA) and homoserine
changes with p-value < 0.05 (*) are indicated.
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HSL(Fig. 5c). The HDACi SB had no influence on their production,
contrary to the results of a previous study, where the 3 botryo-
sulfuranols were found to be induced when C. mamane culture was
treated with the HDACi sodium valproate (Triastuti et al., 2019).
This could have been explained by an interaction of the HDACi with
different histone deacetylases, however, sodium valproate and SB
belong to the same class of HDACi (Shukla and Tekwani 2020) and
they were expected to present the same effect on C. mamane
metabolism.

Homoserine lactones are well-known molecules involved in QS
in bacterial communities and their role in gram-negative bacteria
has been already reported, indicating their modulatory activity in
regulatory proteins for gene expression (Fuqua and Greenberg
2002). The roles of DKPs in QS have also been reported during
bacterial interactions (Bofinger et al., 2017), suggesting a similar
role of botryosulfuranols in C. mamane when treated with HSL.
Moreover, mechanisms of QS are also observed in yeast and fila-
mentous fungi through the production of tyrosol, farnesol (Mondal
and Majumdar 2019) and mycotoxins (Venkatesh and Keller 2019).
As observed with the up-regulation of botryosulfuranol C by HSL,
QS are molecules known to be capable of inducing the production
of cyclic DKPs, such as emestrin A and emestrin B, produced by
Aspergillus fumigatus in presence of HSL. In spite of their lack of
in vitro activity against bacteria, it was hypothesized that these
ulfuranol B and (c) botryosulfuranol C detected under the treatment with the epigenetic
lactone (HSL) in comparison to the untreated culture of C. mamane (CM). Significant



Fig. 6. Molecular networking corresponding to the extracts of C. mamane treated with 4 epigenetic modifiers based on features (m/z at Rt to its normalized peak area) detected in
LC-MS chromatograms.
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DKPs could act as QS inhibitors to modulate or attenuate bacterial
populations (Rateb et al., 2013).

In our study, the putatively identified DKP diphenylalazine B
was also significantly up-regulated by HSL. A similar compound,
diphenylalazine C, has been isolated from the fungus Schizophyllum
commune (Chunyu et al., 2017), recently described as an endophytic
fungus isolated from the medicinal plant Alchornea glandulosa
(Euphorbiaceae), being a source of many other DKPs (Rabal Biasetto
et al., 2019). Furthermore, the metabolite annotated as DKP bis-
dethiobis (methylthio)-gliotoxin was significantly up-regulated by
HSL and NIC. In a previous work, this metabolite was isolated from
an endophytic fungal strain of Aspergillus fumigatus isolated from a
Chinese medicinal plant (Zhang et al., 2018).

3.5. Clustering of DKPs and putatively identified metabolites via
mass spectral similarity network

To better visualize chemical relationships based on acquired
MSeMS data, and to focus on derivatives of annotated metabolites,
molecular network analysis was performed. Our analysis displayed
a molecular network that contained 294 nodes and 26 spectral
families with 109 connected nodes while the rest of the nodes
showed no link to others (self-loop). The size of the nodes represent
the total average of the detected peak areas for each compound in
all the conditions while the colors depend on their detection under
the treatment with each epigenetic modifier (Fig. 6).

The metabolite annotated as gliovirin, an epidithiodiketopiper-
azine obtained from the marine-derived fungus Trichoderma sp.
isolated from a red alga (Yamazaki et al., 2015), was up-regulated by
Fig. 7. Normalized peak area of botryosulfuranols A, B and C detected under the addition o
Significant changes with p-value < 0.05 (*) and significant fold-change ratio >2 (**) are in
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SB and appeared within the cluster containing the 3 DKPs,
botryosulfuranols A, B and C. Additionally, in the same cluster of
DKP derivatives, a feature with m/z 463.0991 at 6.272 min was
found to possess the samemolecular formula as botryosulfuranol A,
linked with a cosine value of 0.89 (data not shown), possibly
indicating an isomer of this metabolite. The putatively identified
DKP bisdethiobis (methylthio)-gliotoxin was found in a different
cluster linked to two unidentified metabolites that may correspond
to two other DKPs (Fig. 6). Moreover, the molecular network
highlighted the presence of another cyclopentapeptide linked to
the two main cyclopentapeptides observed above in the LC-MS
chromatograms (Fig. 1). In the cluster of quinones, we observed
two metabolites putatively identified as fumiquinone A and
emodin linked to two other metabolites: one annotated as chrys-
ophanol, previously isolated from marine fungus Aspergillus sp.
(Qian et al., 2011) and a metabolite with m/z 285.0763 at 5.56 min
(C16H12O5) for which no putative annotation was obtained. The
metabolite annotated as homodimericin A was also linked to two
unidentified metabolites with m/z 505.1832 at 10.04 min
(C24H28N2O10) and m/z 519.1989 at 10.01 min (C30H30O8).

3.6. Addition of amino acids for DKPs induction

Regarding the experiment with amino acids, we hypothesized
that there would be an increase in the production of botryo-
sulfuranol A, B and other alkaloids after the addition of the bio-
precursors L-phe and L-trp to the culture medium. Some studies
have shown that the addition of different amino acids in the culture
of fungi leads to the induction of different metabolites, including
f amino acids (C.mamane þ aa) in comparison to the untreated culture of C. mamane.
dicated.
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new compounds such as bioactive alkaloids, in, for example, the
fungus Pseudallescheria boydii (Microascaceae) (Huang et al., 2017)
and in the marine fungus Aspergillus sp. (Qiu et al., 2020). However,
contrary to what was expected, botryosulfuranols A, B and C
showed a significant down-regulation under the addition of L-phe
and L-trp (p-value < 0.05) in comparison to the untreated culture of
C. mamane (Fig. 7). Different situations might explain the observed
decrease in the production of botryosulfuranols. The addition of an
excess amount of these amino acids might have triggered the
activation of negative-feedback mechanisms, as it was also sug-
gested in another study that evaluated the effects of L-trp supple-
mentation in Fusarium sp. (Guo et al., 2020). Moreover,
botryosulfuranols may be metabolized. For example, the DKP
gliotoxin produced by Aspergillus fumigatus is metabolized through
the activation of defense mechanisms that involves the opening of
the di-sulfur bridge (Scharf et al., 2014).

Furthermore, different biosynthetic pathways might have been
prioritized for the incorporation of these aromatic amino acids such
as those of other alkaloids and non-ribosomal peptides (Keller,
2019). In this regard, other metabolites might have been induced
but were neither detected nor identified as DKPs. Indeed, the mo-
lecular network showed that the DKPs we could annotate did not
necessarily belong to the same cluster, making annotation difficult.
Different concentrations of other amino acids as well as different
culture media and incubation times will be contemplated for future
experiments.

4. Conclusions

Our results show that treatment with HDACi and DNMTi effec-
tively activated biosynthetic pathways due to the induction of lowly
produced metabolites when C. mamane was grown without any
treatment. This indicates that methylation and deacetylation are
mechanisms that regulate expression in this endophytic fungus,
specifically the up-regulation obtained with the treatment with the
DNMTi AZA. Meanwhile, deacetylation or methylation of histones
were necessary for those compounds that were down-regulated in
presence of the epigenetic modifiers. The induction of different
classes of DKPs by the treatment with the QS molecule HSL rep-
resents a promising result for future experiments involving a
different induction approach such as the co-culture of this endo-
phytic fungus with bacteria. This also suggests a possible role of
TDKP botryosulfuranols as QS molecules in C. mamane as this po-
tential role is suggested for other DKPs in other fungi and bacteria.

Possible analogues or derivatives of putatively identified me-
tabolites were indeed uncovered thanks to the molecular
networking which can be improved by a better adapted LC-MS
methodology for a larger diversity of metabolites, including the
DKPs.

In an unexpected way, the addition of amino acids did not exert
an induction in thiodiketopiperazines production. However, other
alkaloids or nonribosomal peptides might be induced with
different concentrations of other amino acids. This work consisted
in a preliminary step to modulate the culture of C. mamane in order
to find better conditions to induce the production of botryosulfur-
anols A, B and C and new metabolites. In view of these results,
further experiments will consist in performing large-scale cultures
of C. mamane with AZA, in order to isolate and to structurally
characterize compounds induced by these epigenetic modifiers.
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